The high He isotope ratios of FOZO suggest an origin for this component in the lower mantle, and would appear to provide independent evidence to support the fluid dynamic observations for significant entrainment of lower mantle in plumes and exclusion of upper mantle. If the composition of FOZO is representative of the isotopic composition of the lower mantle, then it would appear that this reservoir has been differentiated relative to estimates for the bulk silicate earth (BSE). This may be due either to melting and differentiation at higher levels in the mantle, or to fractionation of high pressure phases from a terrestrial magma ocean.
Introduction
The chemical heterogeneity of the Earth has been unequivocally demonstrated through geochemical investigations of the crust and mantle.
These chemical variations reflect the relative efficiency of those processes which attempt to homogenize the Earth. The scale at which solid-phase diffusion is capable of erasing geochemical variability is limited to meters, even at lower mantle temperatures over the age of the Earth [Hofmann and Hart, 1978] . Thus advection of mass must be the most important mechanism by which the scale and magnitude of geochemical variability are modulated spherical diapirs. Sleep [1988] examined the entrainment of a dense layer at D" into the central region of a mantle upwelling, which we refer to as cusp entrainment. Griffiths and Campbell [1991] studied the entrainment of ambient mantle by inclined plumes in the presence of a background convective flow. Despite the advances made by these studies, the simplest case of entrainment of surrounding, ambient mantle by steady state, vertical plumes has not been examined, and few attempts have been made to examine hotspot geochemistry in the fluid dynamic context of mantle plumes undergoing entrainment. It is with this strategy that we have developed a similarity solution of a boundarT layer model for examination of the flow in vertical, steady state mantle plume conduits. It is likely that hot, buoyant plumes in the mantle transfer some of their thermal signature to the surrounding ambient mantle, thus increasing the buoyancy and lowering the viscosity of this material. In this way, the ambient mantle surrounding the plume may be entrained into the flow [Griffiths, 1986; Richards and Griffiths, 1989] . As a result, depending on the details of the flow inside plume conduits, the plume material which is delivered to the base of the lithosphere is potentially a mixture of all levels of mantle through which the plume has passed on its way to the lithosphere. In this way, mantle plumes may act as "sampling probes" by entraining mantle from various depths between their source regions and the lithosphere. Viscosity variations should play a role of substantial importance in entrainment, and so we have explicitly included the effects of temperature and shear stress on viscosity, which allows the incorporation of experimentally constrained theologies, such as for olivine [Goetze and Kohlstedt, 1973; Kohlstedt et al., 1976] . In addition, variations in thermal diffusivity, and the dependence of thermal expansivity and viscosity with depth are examined. All of these effects have significant influence on the nature of flow and entrainment in mantle plume conduits.
Numerical Results
As an analog for a mantle plume conduit (ignoring the depth-dependent properties, and ultimately constrain the origin of the mantle which is entrained into these vertical plumes. The point-source boundary layer equations of Schlichting [1968] were modified to account for temperature-, stress-, and depth-dependent viscosity, as well as depthdependent thermal expansivity. The equations were solved by the use of a similarity solution which resembles the pointsource axisymmetric solutions of Brand and Lahey [1967] and Liu and Chase [1991] . The present analysis differs primarily in our explicit modeling of variable viscosity and thermal expansivity. Our analysis is most similar to the variableviscosity model of Yuen and Schubert [1976] , who examined the boundary layer created next to a planar source of heat. Although we assume a steady state and self-similarity, this type of analysis has the advantages of numerical simplicity while fully retaining all the nonlinearities of the problem. In addition, it is computationally economical to use a very fine grid spacing, so that features within individual plumes with large changes in viscosity are resolved, and accurate calculations of the amounts of entrainment are easily made.
The derivation of the solution for this problem is given in the appendix, and definitions and values of various parameters are given in Tables 1 and 2.   Table 2 The best recent estimates for the temperature drop across D" stand at about 1300øC [Boehler, 1993] . However, it is not likely that this entire temperature excess is transported to the base of the plume conduit; a maximum excess temperature of 440øC was used to construct the plume model shown in Figure  14 . The maximum axial velocity is 9.6 m/yr at the top of the plume, and the radius of the thermal field is about 40 km. Due to the depth dependence of thermal expansion and viscosity, this radius expands with depth to about 170 km. The hottest part of the plume, which would be seismologically observable, is restricted to a 20 km radius at the top, and a 60 km radius at the base of the plume, well within the thermal halo which defines the plume boundary. The buoyancy flux is 4.3 Mg/s, which is very similar to the latest estimates for the Hawaiian hotspot [Ribe and Christensen, 1994] , and the entrainment is 9%. In order to match the Hawaiian buoyancy flux with a peridotite rheology, it is necessary to assume that the plume does not lose much excess heat on axis (about 
Depths of Origin of Entrained Ambient Mantle

Structure of Plumes Undergoing Entrainment
From the above analysis, it is apparent that vertical, steady state plumes, with buoyancy fluxes comparable to mantle plumes in the Earth, will have mass fluxes consisting of 5 to 90% entrained, ambient mantle. If the plume experiences partial melting, this material will contribute some fraction of melt which may be erupted at the surface, and may contribute to the compositional variability of hotspot-related volcanics. Thus, the potential exists for identifying the geochemical signatures of plume source mantle and entrained ambient mantle, and in this respect, it becomes very important to constrain the original location of this entrained mantle. The vertical nature of these streamlines is apparent in all the plumes studied. In Figure 13 (Figure 13c ). In the non-Newtonian case (Figure 13a) , the plume boundary still increases with height above the plume source, but for the depth dependent properties (Figures 13b and  13c) , the plume radius decreases with height, even though mass flux increases with height. This is due to the upward acceleration of the fluid, driven by increasing thermal expansivity (Figure 13b ) and decreasing viscosity ( Figure  13c) with height above the plume source. In all three of these cases, the streamlines show that the mantle which is entrained across the plume boundary originates from the deepest levels of the fluid layer. Even though ambient mantle is still being entrained near the top of the plumes, by tracing streamlines back far enough in time, is apparent that this mantle originated from near the base of the system, largely from below 1200 km depth (1500 kin,height). Increasing viscosity and decreasing thermal expansion with depth will cause plume flow to be slower in the lower mantle than in the upper mantle, allowing increased diffusion of heat, and thus entrainment of lower mantle material will dominate over upper mantle material.
A Timescale for Replacement of Entrained Upper Mantle
Hypothetically, if the plumes shown in Figures 13, 14 , and 15 were to be instantaneously emplaced in the mantle, we might expect the streamlines to be horizontal in the far field, gradually relaxing to the steady state streamlines over time. In this horizontal streamline approximation, at the instant the plume was established, the plume would entrain ambient mantle in a representative manner along its entire length. In other words, the maximum amount of mantle which originated from above 670 km would be equivalent to 670/2700=25%, multiplied by the amount of entrainment. Though the present analysis has concentrated on the dynamic structure of mantle plumes within the thermal field of the plume, a considerable amount of action takes place outside the plume boundary, in the ambient mantle which does not get heated and entrained. Examination of plume streamlines (Figures 7, 13, 14, and 15) shows that this material is also upwelling, due to viscous coupling to the flow in the plume conduit, and that at least some of this material originates from the upper mantle. This occurs even though the material is not heated by the plume. Figures 2, 3, 8, 9 and 14 Figure  14) , and by analogy with mid-ocean ridges, should generate a substantial amount of melt. Magma production rates would be considerably higher than within the conductively heated, depleted lithosphere. The main difference is that this melt will be generated mostly at high pressures within the stability field of garnet lherzolite, resulting in alkalic magmas with upper mantle (MORB) isotopic signatures. Close to the plume, these magmas will be diluted by the extensive amounts of plume melting; however, these melts could be important components of the magmas erupted away from the plume axis, 
Entrainment and Mixing in Mantle Plumes
Isotopic data for OIB and MORB have provided most of the evidence for the chemical heterogeneity of the convecting mantle. Based on the fluid dynamic analysis presented here, it may be possible to decipher some signal in the isotopic data for hotspot volcanics which may be related to entrainment. In Figure 17 , fields enclose data from several islands or island chains which are characterized by linear arrays suggestive of two-component mixing.
For most island chains, the data are not randomly positioned within this threedimensional space [Hart et al., 1992] . In fact, there is a notable lack of mixing arrays joining the EMI, EMIl and HIMU apices of the tetrahedron. In our estimation, this observation would seem to rule out a random mixing process such as bulk convective mixing, which would not discriminate between different mantle compositions. Instead, the arrays are systematically oriented within isotope space, originating from points at various locations along the EMI-HIMU and EMII-HIMU joins, and converging on a volume in Sr-Nd-Pb isotopic space which is clearly different from the depleted MORB mantle (DMM) end-member, and distinct from the Thus the high 3He/4He signature of FOZO would logically place this component in the lower mantle. However, the location of FOZO in the lower mantle does not provide a simple answer to whether FOZO is plume source mantle, or entrained mantle. For example, plumes are often proposed to originate from a thermal boundary layer at the core-mantle boundary . This requires that the thermal boundary layer be replenished to replace the mantle which is lost to mantle plumes. In the absence of the total population of the core-mantle boundary by subducted slabs, the core-mantle boundary layer (CMBL) would essentially be replenished by the downward motion of the lowermost mantle toward the core. Thus, if FOZO is present in the lower mantle, then it should also be present, at some level, in the CMBL. Two endmember scenarios are possible which would be consistent with the isotope data and the results from entrainment dynamics. [Kurz et al., 1985] and is the youngest of the three rift zones on Iceland. If the mantle at the plume axis is at the highest temperature, and is rising at the highest velocity, then melt production will be greatest at the axis of the plume, and these melts might be the dominant melt products at nascent volcanic features. This idea may be supported by the 3He/4He data from Loihi, in which the In addition to mixing and entrainment effects during plume transport, the entrainment signature might be overprinted by a change in the composition of the plume source at the CMBL. For example, the isotopic compositions of the basalts along the Macdonald hotspot chain change abruptly from endmember HIMU compositions (Mangaia, Rurutu, Tubuai, 20 to 6 Ma) to compositions intermediate between HIMU and EMIl (Rapa, Macdonald Seamount, 6 Ma to the present), both of which converge near the center of the isotope tetrahedron (Figure 17) . The ages of volcanics from the islands of Tubuai and Rapa overlap at about 7 Ma, indicating that these two islands, in the same island chain, were simultaneously erupting basalts with very different isotopic compositions. This seems to require an abrupt change in the isotopic composition of the mantle being supplied by the plume. Because of these complications, it is not yet possible to determine whether the boundary layer sources of plumes contain entirely FOZO or entirely enriched components. It is possible that both FOZO and the enriched components may be present, depending on the dynamics and history of the thermal boundary layer itself beneath individual plumes [Sleep, 1992] .
Speculation on the Evolution of the Lower Mantle
High 3He/4He has previously proposed to be associated with primitive, or undifferentiated mantle. The Sr-Nd-Pb isotopic composition of FOZO, however, is clearly different from proposed "bulk silicate Earth" isotopic compositions [Zindler and Hart, 1986] 
Conclusions
The point-source boundary layer model described here has allowed the high-resolution examination of the thermal, velocity, viscosity and shear stress structure within individual plume conduits. The model incorporates temperature-and stress-dependent rheologies, as well as a depth-dependent viscosity and thermal expansivity. Our model shows that, for realistic temperature-and stress-dependent rheologies, mantle plumes with buoyancy fluxes of 0.1 to 10 Mg/s should be exceedingly narrow features characterized by rapid upwelling rates (meters/year). However, these narrow plumes are surrounded by a larger thermal halo, within which mantle is still upwelling at considerable velocities (centimeters/year). Outside of the thermal halo which defines the plume boundary, ambient mantle is dragged up by viscous coupling to the plume flow, with upwelling rates of 1 to 10 cm/yr, similar to mid-ocean ridge upwelling rates. This upwelling is proposed as a mechanism to generate post-shield and post-erosional alkalic magmas, with MORB chemical affinities, found on many linear island chains.
Ambient mantle immediately surrounding plumes in entrained by the conduction of heat away from the plume conduit; this heat raises the buoyancy and lowers the viscosity of the ambient mantle to the extent that it becomes part of the conduit flow. All of the plumes examined in this study showed significant entrainment, and entrainment was found to correlate negatively with buoyancy flux. Thermal effects have the largest influence on the entrainment process; all else being equal, plumes with higher temperatures, more temperature-sensitive rheologies, and larger thermal diffusivities experience more entrainment. Stress dependence of the rheology, while significantly affecting plume velocities and radii, has very little effect on the amount of The definitions of the various parameters are given in Table 1 . In these equations, thermal diffusivity is constant, but thermal expansivity (ct) and the preexponential factor for viscosity The transformed momentum and energy equations are coupled ordinary differential equations in one variable and are integrated with a fourth order Runge-Kutta-Fehlberg algorithm using the shooting method. In this method of integration, the nonlinear properties of the governing equations are fully preserved, and it is computationally economical to use a fine
